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The exosome is a conserved macromolecular com-
plex essential for RNA degradation. The nine-subunit
core of the eukaryotic exosome shares a similar
barrel-like architecture with prokaryotic complexes,
but is catalytically inert. Here, we investigate how
the Rrp44 nuclease functions in the active ten-
subunit exosome. The 3.0 A˚ resolution crystal struc-
ture of the yeast Rrp44-Rrp41-Rrp45 complex shows
how the nuclease interacts with the exosome core
and the relative accessibility of its endoribonuclease
and exoribonuclease sites. Biochemical studies indi-
cate that RNAs thread through the central channel
of the core to reach the Rrp44 exoribonuclease
site. This channeling mechanism involves evolu-
tionary conserved residues. It allows the processive
unwinding and degradation of RNA duplexes con-
taining a sufficiently long single-stranded 30 exten-
sion, without the requirement for helicase activities.
Although the catalytic function of the exosome core
has been lost during evolution, the substrate recruit-
ment and binding properties have been conserved
from prokaryotes to eukaryotes.
INTRODUCTION
The progressive removal of ribonucleotides from the 30 end of
RNAs plays a key role in RNA metabolism (reviewed in Ibrahim
et al., 2008). Structural RNAs are synthesized as longer precur-
sors with 30 end extensions that are removed to generate the
mature, functional RNA species. 30 to 50 RNA degradation is
also key in the clearance of messenger RNAs in constitutive
pathways (such as messenger RNA [mRNA] turnover or the
degradation of intron lariats) and in regulated quality-control
pathways (such as nonsense-mediated mRNA decay or nonstop
decay). The main cellular 30/50 nuclease activity for the partial
shortening or complete breakdown of a wide variety of RNA tran-
scripts is imparted by a macromolecular complex known as theRNA exosome (reviewed in Lebreton and Seraphin, 2008;
Schmid and Jensen, 2008, Houseley and Tollervey, 2009).
The exosome is present in both the nucleus and the cytoplasm
of eukaryotic cells from protozoa and yeast to mammals. The
structural core of the eukaryotic exosome is composed of nine
subunits, which we refer to as Exo-9 (Hernandez et al., 2006;
Liu et al., 2006; Mitchell et al., 1997). Six of the subunits share
overall structural similarity with the bacterial phosphorolytic
nuclease RNase PH and assemble into a hexameric ring. The
other three subunits are positioned on one side of the ring and
are characterized by S1/KH domains, folds often found in
RNA-binding proteins. The overall molecular architecture of the
eukaryotic Exo-9 core is conserved in RNA-degrading com-
plexes of simpler subunit compositions present in bacteria and
archaea (reviewed in Lorentzen et al., 2008a; Vanacova and
Stefl, 2007). However, the catalytic mechanism has diverged.
Prokaryotic Exo-9-like complexes cleave 30 ribonucleotides
processively via a phosphorolytic mechanism that is catalyzed
by three of the RNase PH-like subunits (Bu¨ttner et al., 2005; Lor-
entzen et al., 2005; Symmons et al., 2000). The active sites are
buried at the bottom of the hexameric ring, within pockets that
are accessible from the central channel (Bu¨ttner et al., 2005; Lor-
entzen and Conti, 2005). Structural studies of archaeal exo-
somes have shown snapshots with ribonucleotides bound at
the active site and also trapped in the pore at the top of the
ring (Lorentzen et al., 2007; Navarro et al., 2008), supporting
the view that the 30 end of the RNA is threaded past the S1/KH
domains and through the central channel to a catalytic site
(reviewed in Bu¨ttner et al., 2006; Lorentzen and Conti, 2006).
Mutagenesis experiments support a similar substrate channeling
mechanism for E. coli PNPase (Shi et al., 2008).
The concept of the archaeal exosome and bacterial PNPase
complexes threading unfolded RNA substrates into a degrada-
tive chamber is reminiscent of how proteasome complexes
degrade polypeptides (Lorentzen and Conti, 2006) but is more
difficult to rationalize for eukaryotic exosome complexes. In the
case of Exo-9 complexes in yeast and humans, the six proteins
containing RNase PH folds have lost the phosphorolytic active
site and are catalytically inert (Liu et al., 2006, Dziembowski
et al., 2007). The enzymatic activity of the yeast exosome is
provided by Rrp44 and Rrp6, two hydrolytic nucleases thatCell 139, 547–559, October 30, 2009 ª2009 Elsevier Inc. 547
associate with Exo-9 (hereby referred to as the 10th and 11th
subunits) and that have no functional counterpart in prokaryotic
exosome-like complexes. Rrp6 has distributive 30/50 exoribo-
nuclease activity that is not significantly altered upon binding
to Exo-9 (Liu et al., 2006). Rrp44 (also known as Dis3) is an
essential exosome subunit. It contains an endonuclease activity
in the N-terminal PilT N terminus (PIN) domain and a processive
30/50 exoribonuclease activity in the C-terminal region that is
similar to bacterial RNase II (Lebreton et al., 2008; Lorentzen
et al., 2008b; Schaeffer et al., 2009; Schneider et al., 2009). In
isolation, Rrp44 can also unwind and degrade substrates with
secondary structures, but upon binding to Exo-9 this activity is
significantly reduced (Liu et al., 2006, Dziembowski et al.,
2007). How the exosome core modulates the activity of Rrp44
is unclear.
All Exo-9 subunits are essential for the viability of yeast cells
and are conserved in higher eukaryotes. What is their functional
role, given that they lack catalytic activity? One possibility is that
Exo-9 only plays an architectural role by providing a docking
platform for the Rrp6 and Rrp44 nucleases and other factors
required for RNA degradation. Another possibility is that Exo-9
might have an active role in binding or selecting RNA substrates.
To understand the molecular mechanisms of the exosome, we
set out to study how RNAs reach the Rrp44 nuclease active sites
in the yeast exosome and identify the function of structural
features that have been conserved from the prokaryotic to the
eukaryotic complexes.
RESULTS AND DISCUSSION
The Rrp44 Nuclease Protects 9–12 nt of Single-Stranded
RNA
To assess the RNA-binding properties of exosome components,
we used an RNase protection assay similar to that previously
used to study proteins in the nonsense-mediated mRNA decay
pathway (Ballut et al., 2005). A body-labeled 60-mer RNA was
incubated with purified proteins and treated with RNase A and
RNase T1. The size of the RNA fragments (that upon protein
binding become protected from RNase digestion) was analyzed
by denaturing polyacrylamide gel electrophoresis (PAGE)
(Figure 1A). As a control, the RNA helicase UPF1 protected
Figure 1. The Ten-Subunit Exosome Binds 31–33 nt of Single-
Stranded RNA
(A) RNA fragments obtained upon RNase digestion of 32P body-labeled
GGG(CU)23C 60-mer RNA in the presence of the indicated proteins. After incu-
bation with RNase A and RNase T1 (which cleave after C/U and G, respec-
tively), the reactions products were analyzed by electrophoresis on a 20%
acrylamide and 7M urea gel, followed by phosphorimaging. Protein and
substrate concentrations were 500 nM and 250 nM, respectively. The right
outer lane was loaded with a 30-mer body labeled transcript as size marker.
The slightly faster mobility of the digested fragments in the protection pattern
of UPF1 as compared to Rrp44 is likely due to the presence of a 30 phosphate.
(B) Protein coprecipitations by CBP pull-down assays. CBP-tagged Rrp44
variants were incubated with Exo-9 or Rrp44 DPIN D551N in a buffer contain-
ing 50 mM NaCl before coprecipitation with calmodulin-sepharose beads.
One-fifth of the input and the entire EGTA eluates were analyzed on Coomas-
sie stained 10% SDS-PAGE. The leftmost lane was loaded with a molecular
weight marker.548 Cell 139, 547–559, October 30, 2009 ª2009 Elsevier Inc.
between 9 and 11 nucleotides (nt) of RNA (Figure 1A, lane 1),
consistent with previous reports (Chamieh et al., 2008). Frag-
ments of 9 to 10 nt accumulated upon incubation with the RNase
II-like region of yeast Rrp44 (Rrp44DPIN, residues 242–1001)
containing the inactivating D551N mutation at the exoribonu-
clease site (Figure 1A, lane 2). This protection pattern is in agree-
ment with the crystal structure of RNA-bound Rrp44DPIN
D551N, which showed a binding site for 9 nt of single-stranded
RNA (Lorentzen et al., 2008b).
Full-length Rrp44 D551N (residues 1–1001) protected frag-
ments between 9 and 12 nt (Figure 1A, lane 3), suggesting the
presence of longer or different RNA-binding paths than the one
observed in the absence of the N-terminal PIN domain. As
expected (Lebreton et al., 2008; Schneider et al., 2009), no signif-
icant endonucleolytic activity by the Rrp44 PIN domain was
observed in the buffer conditions used (5 mM magnesium ions,
no manganese) (compare the quantity of the accumulated frag-
ments in lanes 2 and 3 in Figure 1A). The PIN domain alone
(residue 1–242) did not result in the protection of detectable frag-
ments (Figure 1A, lane 4). However, mutation of full-length Rrp44
D551N at one of the metal-binding residues in the PIN active site
(D171N) resulted in the accumulation of shorter (eight to nine) oli-
goribonucleotides than those observed in the full-length protein
with an intact PIN domain (Figure 1A, lane 5, compare with lane
3). We conclude that, under exonucleolytic conditions, the PIN
domain can contribute to the RNA-binding path of Rrp44, either
directly or via conformational changes.
The Rrp44-Bound Yeast Exosome Protects 31–33 nt
of Single-Stranded RNA
We next tested the effect of the exosome core Exo-9, which
we reconstituted with protocols similar to those previously
described (Greimann and Lima, 2008; Liu et al., 2006). While we
did not detect RNase protectionwith Exo-9 alone (Figure 1A, lane
6), addition of the catalytically inactiveRrp44 full-lengthD551N to
Exo-9 resulted in the prominent accumulation of 31–33 nt long
RNA fragments (Figure 1A, lane 7). This protection pattern
depended on the presence of both the PIN and the RNase II-
like regions of Rrp44 (Figure 1A, lanes 7–9), which could also be
added in trans (Figure 1A, lane 10).When lacking the PIN domain,
Rrp44 gave a similar protection pattern whether in the presence
or absence of Exo-9 (Figure 1A, compare lanes 8 and 2).
It was recently shown that deletion of the PIN domain disrupts
the interaction of Rrp44 with Exo-9 (Schneider et al., 2009). In
CBP (calmodulin-binding protein) pull-down experiments with
recombinant proteins, the RNase II-like region of Rrp44 did not
precipitate Exo-9 (Figure 1B, lane 5), while the PIN domain alone
precipitated Exo-9 with seemingly similar efficiency to full-length
Rrp44 (Figure 1B, compare lanes 4 and 3). The PIN domain also
bound the RNase II-like region in trans when in the presence of
Exo-9 (Figure 1B, lane 7), consistent with the results of the RNase
assay (Figure 1A, lane 10).
The RNase protection experiment with the Exo-9 - Rrp44
complex (Exo-10) also showed the presence of shorter oligoribo-
nucleotides similar to the Rrp44 protection pattern, although only
the 11–12 nt fragments could be detected (Figure 1A, lane 7,
compare with lane 3). Mutation of D171N in the PIN active site
abolished the presence of the 11–12 nt fragments, while thelong fragments were still detectable (Figure 1A, lane 11). One
interpretation of these results is that the 31–33 nt and the
11–12 nt fragments reflect the presence of alternative routes to
the exoribonuclease site. It is also possible that this bimodal
protection pattern originates from a single path where an
exposed region of RNA connecting the Rrp44 and Exo-9 binding
sites would be accessible to RNases.
The Central Channel of Exo-9 Has Conserved Structural
Features
The presence of the 31–33 nt path indicates that RNA is recog-
nized by Exo-10 via a surface that spans about 20 nt more
than the RNA-binding site in Rrp44, pointing to an active role
of the catalytically inert Exo-9 core in substrate binding. In this
scenario, an attractive hypothesis is that Exo-9 may have re-
tained functional similarities with the archaeal exosome. One
RNA-binding site in the archaeal exosome is at the phosphoro-
lytic active site within the interface of the Rrp41-Rrp42 hetero-
dimers, at the bottom of the RNase PH-like ring (‘‘ring exit site’’
in Figure 2A) (Bu¨ttner et al., 2005; Lorentzen et al., 2007; Navarro
et al., 2008). Another RNA-binding site is present at the top of the
RNase PH-like ring, at a narrow constriction formed by a loop of
Rrp41, where one nucleotide binds (‘‘ring entry site’’ in Figure 2B)
(Lorentzen et al., 2007). Similar structural features are present in
the human exosome (Figure S1 available online). The human
Rrp41-Rrp45 dimer has conserved positively charged residues
at the corresponding structural position to that of the archaeal
ring exit site (Figures 2C and S1) (Lorentzen and Conti, 2005;
Liu et al., 2006). Human Rrp41 also has a loop at the ring entry
site that maps to the loop responsible for RNA binding in the
archaeal exosome (Figures 2D and S1).
The yeast exosome is predicted to have a similar structure
from sequence conservation, data from native mass spectrom-
etry and negative-stain electron microscopy (Lorentzen and
Conti, 2005; Hernandez et al., 2006; Liu et al., 2006; Wang
et al., 2007). We can thus extrapolate that yeast Rrp41 Arg95
and Arg96 form the equivalent of the ‘‘ring exit site’’ and yeast
Rrp45 Arg106 and Lys110 lie more internally, nearer to the posi-
tion where archaeal Rrp41 binds the phosphate (Figures 2C and
3A). Yeast Rrp41 Lys62 and Ser63 are predicted to be at similar
positions in the loop that shapes the ‘‘ring entry site’’ (Figures 2D
and 3A). The S1/KH proteins form the periphery of the channel,
and, in the case of yeast Rrp40, NMR studies (Oddone et al.,
2007) have shown weak RNA-induced changes in the chemical
shifts of Lys107 and Lys108 (corresponding to Lys150 and
Arg151 in human Rrp40, Figure S1).
The Central Channel of Exo-9 Threads RNA to the Rrp44
Exoribonuclease
Guided by this structural comparison, we substituted the resi-
dues identified as putative RNA-binding sites (Figure 3A) to
negatively charged amino acids. We reconstituted the Exo-9
mutant complexes and verified that they could all form the corre-
sponding Exo-10 complexes by using pull-down assays with
CBP-tagged Rrp44 (Figure 3B). An Exo-10-D551N complex
containing either the Rrp41 R95E-R96E mutation or the Rrp41
K62E-S63D mutation abolished the 31–33 nt protection pattern
(Figure 3C, lanes 4 and 5), suggesting that both the ‘‘ring exitCell 139, 547–559, October 30, 2009 ª2009 Elsevier Inc. 549
Figure 2. Conserved Structural Features between Archaeal and Eukaryotic Exo-9
(A) Side view of the Sulfolobus solfataricus exosome structure (Lorentzen et al., 2007). The RNase PH-like subunits Rrp41 and Rrp42 are shown in blue and green,
respectively. The S1/KH subunit Rrp4 is in magenta and RNA is shown in ball-and-stick representation in black. The zoomed-in view shows the phosphorolytic
active site. This and all other ribbon diagrams were generated with PyMOL (http://www.pymol.org/).
(B) Top view of the S. solfataricus exosome, looking down the central channel. The zoomed-in view shows the RNA trapped at the entrance pore of the channel,
with the electron density observed in the crystal structure reported in Lorentzen et al. (2007).
(C) Structure-based sequence alignment at the residues that contribute to the RNA exit site, including Sulfolobus solfataricus (S.s.), Homo sapiens (H.s.), and
Saccharomyces cerevisiae (S.c.). Residues discussed in the text are boxed.
(D) Structure-based sequence alignment at the residues that contribute to the RNA entry site. The alignment includes sequences fromArcheoglobus fulgidus (A.f.)
and Pyrococcus furiosus (P.f.), as well as H.s., S.c., and S.s. (as defined in C).site’’ and the ‘‘ring entry site’’ contact RNA in the wild-type com-
plex. The 31–33 nt fragments accumulated to a significant extent
with the more internal mutant, Rrp45 R106E-K110E (Figure 3C,
lane 6).
The Rrp40 K107E-K108E mutation caused no significant
difference in RNase protection as compared to the wild-type
(Figure 3C, lane 3). These residues are located at the periphery
of the S1/KH ring (Figure S1), in an open area where a substrate
would not be buried within the protein complex and would thus
be accessible to RNases. Therefore, we cannot rule out a poten-
tial weak contribution of these residues to RNA binding in the
complex. When Exo-9 was incubated with the 60-mer body-
labeled RNA used in the protection assay and subjected to ultra-
violet (UV) irradiation at 254 nm, all bands corresponding to
exosome subunits were apparently crosslinked, including those
corresponding to S1/KH subunits (Figure 3D, compare lane 5550 Cell 139, 547–559, October 30, 2009 ª2009 Elsevier Inc.and lane 1). The crosslinking was reduced with the entry or exit
site mutants (Figure 3D, lanes 6 and 7) and abolished when
both sites were mutated (Figure 3D, lane 8), The RNA crosslink-
ing behavior of these mutants correlates with their decreasing
ability to degrade RNA in the context of Exo-10 (Figure S2).
The downregulation of RNA degradation with the entry/exit site
mutants suggests that the channel is the major path to the exor-
ibonuclease site in Exo-10 with the substrate tested.
The prediction from these results is that single-stranded RNAs
(ssRNAs) shorter than 33 nt would bind with the 30 end at the
Rrp44 exonucleolytic site (D551) andwith the 50 end buried along
the Exo-9 path (Figure 3A). Indeed, a 20-mer RNAwas protected
fromRNA degradation (Figure 3C, lane 9). This RNAwas not pro-
tected when incubated with the exit site mutant (Rrp41 R95E-
R96E, Figure 3C, lane 11), but remained intact with the entry
site mutant (Rrp41 K62E-S63D mutant; Figure 3C, lane 12,
Figure 3. Conserved Residues in the Central Channel of Exo-9 Contact RNA
(A) Scheme of the yeast Exo-10 architecture predicted from the homology with human Exo-9 and with Rrp44 (in red) binding at the RNase PH side of the ring
(Wang et al. [2007], and structure discussed below). The subunits facing the viewer (Mtr3, Rrp43, and Csl4) have been omitted for clarity. Mutants discussed
in the text are highlighted. The overall path of the RNA probed by mutagenesis is shown with a black dotted line.
(B) Exo-9 complexes with specific point mutations highlighted in (A) were reconstituted and tested for Rrp44 binding by CBP pull-down experiments. Mutagen-
esis of Rrp45 altered its gel mobility (marked with an asterisk). The coprecipitation with CBP-tagged full-length Rrp44 was carried out and analyzed as in
Figure 1B, except that binding buffer contained 125 mM NaCl and wash buffer 250 mM NaCl.
(C) 60-mer and 20-mer 32P body-labeled ssRNAs were incubated with Exo-9 wild-type or channel mutants and processed as described in Figure 1A. Nucleotide
sizes are indicated on the right side. So that variability in size from the runoff transcription could be avoided, the 20-mer was transcribed from a GGG(CU)9CGGG
template and digested with RNase T1. This treatment leaves a 30 phosphate that is responsible for the different mobility of the bands as compared to those
obtained with the 60-mer. The 20-mer has a minor impurity that is likely due to a reaction intermediate (cyclic phosphate).
(D) RNA crosslinking experiments with Exo-9 wild-type and mutants. Proteins and 32P body-labeled ssRNAs were crosslinked under UV light and separated on
12% SDS PAGE. The gel was stained with Coomassie (lanes 1–4) and analyzed by phosphorimaging (lanes 5–8).Cell 139, 547–559, October 30, 2009 ª2009 Elsevier Inc. 551
Figure 4. Structure of the Yeast Rrp41-Rrp45-Rrp44 Complex
(A) Ribbon diagram of the complex between the exosome core Rrp41-Rrp45 subunits (blue and green, respectively) and Rrp44, shownwith different colors for the
three OB-fold domains (CSD1 domain in yellow, CSD2 domain in orange, and C-terminal S1 domain in salmon) and for the two nuclease domains (RNB domain in
light red and endonucleolytic PIN domain in dark red). The CSD1, CSD2, RNB, and S1 domains form the exoribonucleolytic RNase II-like region of the molecule.
The complex is shown in two views, rotated of 180 around a vertical axis. The active site of the PIN domain is on the ‘‘front side’’ of the molecule (left panel).
(B–D) Conserved intramolecular and intermolecular interactions in the Rrp41-Rrp45-Rrp44 complex. The side chains are shown in ball-and-stick representations
in the colors defined in (A).compare with lane 5), suggesting that this substrate does not
reach the ring entry site. The protection patterns of RNA
substrates of different lengths ranging from 16 to 34 nt suggest
that the ring exit and entry sites are the main RNA-binding sites
in the channel and are reached with 20–22 nt and 30–32 nt,
respectively (Figures S3 and 3A). We conclude that the yeast
exosome binds RNA in the central channel of the RNase PH-
like ring, contacting sites conserved from prokaryotic to eukary-
otic exosome-like complexes.
Rrp44 Docks Directly onto the Rrp41 and Rrp45
Subunits of Exo-9
For visualization of the position of the Rrp44 active sites with
respect to Exo-9, structural information is ultimately required.
Although a 20 A˚ negative-stain EM study of yeast Exo-10 is avail-
able (Wang et al., 2007), we were unable to unambiguously fit the
atomic structure of the Rrp44 RNase II-like region (Lorentzen
et al., 2008b) and of a related PIN domain (Glavan et al., 2006)
in the map. We proceeded by identifying the Rrp44-binding
proteins of the yeast exosome core. The Rrp41-Rrp45 subcom-552 Cell 139, 547–559, October 30, 2009 ª2009 Elsevier Inc.plex was the only exosome core component that could be
precipitated by CBP-tagged Rrp44 in pull-down assays (Fig-
ure S4). A ternary complex between yeast Rrp41-Rrp45 and
Rrp44 (residues 25–1001, see the Experimental Procedures)
was purified by size-exclusion chromatography (Figure S4) and
yielded diffracting crystals. The crystal structure of the Rrp41-
Rrp45-Rrp44 complex was determined by molecular replace-
ment. The final model (Figure 4A) has been refined at 3.0 A˚ reso-
lution to an Rfree 27.3% and Rfactor of 20.7% (data collection
and refinement statistics in Table 1). It contains residues 3–239
of Rrp41, residues 7–303 of Rrp45, residues 36–231 of the
Rrp44 PIN domain, and residues 253–1001 of the Rrp44 RNase
II-like region, with the exception of a few disordered loops.
Overall Structure of the Yeast Rrp41-Rrp45-Rrp44
Complex
Rrp44 binds Rrp41-Rrp45 over an extended surface corre-
sponding to the bottom of the RNase PH-like ring (Figures 4A
and S5). Yeast Rrp41 and Rrp45 have similar structures to those
of their human orthologs, with which they share about 34%
sequence identity. The two yeast exosome core proteins super-
pose with the corresponding subunits of human Exo-9 with
a root mean square deviation (rmsd) of less than 1.4 A˚ for more
than 95% of their a-carbon atoms. As expected from sequence
alignments, yeast Rrp45 lacks the equivalent of the long
C-terminal helix that in human Rrp45 wraps around the neigh-
boring subunits. Instead, the C-terminal region of yeast Rrp45
(residues 293–303) extends to contact Rrp44 (Figure 4).
In the ternary complex, the Rrp44 RNase II-like region has
a similar overall architecture to that previously described for
the RNA-bound structure (Lorentzen et al., 2008b). In brief, it
includes the catalytic domain of E. coli RNase II (RNB domain)
and three oligonucleotide-binding fold (OB-fold) domains (the
N-terminal cold-shock domains CSD1 and CSD2 and the
C-terminal S1 domain), which are positioned adjacent to each
other on the RNB surface (Lorentzen et al., 2008b) (Figure 4A).
The relative arrangement of the individual domains is very similar
in the Rrp41-Rrp45-bound and RNA-bound structures (rmsd of
0.8 A˚ for 88% of all atoms) (Lorentzen et al., 2008b). As com-
pared to the Rrp44DPIN-RNA complex, residues 362–386 of
CSD1 become ordered, folding into a helix (residues 367–382)
that interacts with the S1 domain and into an extended region
(residues 362–367) that interacts with the CSD2 domain and
with the PIN domain. Another significant difference is a confor-
mational change at residues 696–719 of the RNB domain (dis-
cussed below).
The Rrp44 PIN domain (residues 37–231) folds into a twisted
parallel b sheet surrounded by helices on both sides (Figure 4A).
Table 1. Data Collection and Refinement Statistics
Data Collection
Data set Rrp41-Rrp45-Rrp44
Space group P212121
Unit cell (A˚) a = 110.9, b = 125.7, c = 139.4
Wavelength (A˚) 0.978
Resolution range (A˚)a 20.0–3.0
Unique reflections 39,670
Completeness (%)a 100 (100)
I/s(I)a 21.6 (5.7)
Rsym(%)
a 11.3 (52.2)
Refinement
Resolution range (A˚)a 20.0–3.0
Rfree (%)a 27.3
Rwork (%)a 20.7
rmsd bond (A˚) 0.014
rmsd angle () 1.508
Number of protein atoms 10,796
Ramachandran Valuesb
Most favored (%) 94.9
Additionally allowed (%) 4.81
Generously allowed (%) 0.0
Disallowed (%) 0.29
a Values in parentheses correspond to the highest-resolution shell.
b Values are according to the program Molprobity.The active site is formed at the C-terminal ends of the b strands
by the clustering of three aspartic acids (Asp91, Asp171, and
Asp198), similarly to that observed in the crystal structure of
the PIN domain of SMG6 (Glavan et al., 2006). While the core
of the domain is similar in the two proteins (rmsd of 2.8 A˚ for
67% of the Ca atoms), the N-terminal region preceding the first
b strand is about 40 residues longer in Rrp44 than in SMG6.
This region of the Rrp44 PIN domain (residues 37–80) forms
a ridge that interacts with Rrp41 (Figures 4A and 4B).
Conserved Interactions between Rrp44
and the Exosome Core
The strongest interaction between Rrp44 and Exo-9 detected by
pull-down assays ismediated by the PIN domain (Figures 1B and
S4). In the structure, the N terminus of the PIN domain (residues
37–71) wraps around the N terminus of Rrp41 (Figure 4B). Resi-
dues 4–24 of Rrp41 zig-zag into a conformation that is held
together by conserved intramolecular interactions. In this confor-
mation, the side chains of Glu10, Arg18, and Glu21 of Rrp41 in
particular form conserved salt bridges with Arg133, Asp44, and
Arg42 of Rrp44.
The exoribonuclease domain of Rrp44 contacts both Rrp41-
Rrp45 and the PIN domain, rationalizing why the two domains
of Rrp44 could function in trans in the RNase protection and
pull-down assays with Exo-9 (Figure 1A, lane 10, and Figure 1B,
lane 7). The exoribonuclease region binds two surfaces of
Rrp41-Rrp45. The CSD2 domain of Rrp44 interacts with
Rrp45, in particular with conserved electrostatic interactions
(between Arg440 and Asp119, Figure 4C). The adjacent surface
of the RNB domain of Rrp44 interacts with the C-terminal tail of
Rrp45 (residues 293–303), via hydrophobic and polar contacts
(Figure 4D). Although this surface of Rrp44 is conserved (Fig-
ure S5), the C-terminal tail of yeast Rrp45 is not apparent in the
sequence and structure of the human ortholog (Liu et al.,
2006). With the exception of this specific contact, the extent of
evolutionary conservation of the interactions we observe with
the yeast proteins suggests that a similar mode of recognition
is likely to engage Rrp44 and Exo-9 from other species.
Access to the Endoribonuclease Site in Exo-10
The superposition of the yeast Rrp41-Rrp45-Rrp44 structure
with that of human Exo-9 predicts that the active site of the
PIN domain is positioned on the outer surface of Exo-10 and
faces solvent rather than the exosome core (Figure 5A). We
tested the accessibility of the endonucleolytic site biochemically
with a circular RNA, which has been shown to be a substrate for
the PIN domain in isolation (Lebreton et al., 2008) and which is
predicted not to fit into the central channel of the exosome
core. As previously reported (Lebreton et al., 2008), full-length
Rrp44 degraded a circularized 40-mer poly(A) as well as a linear
oligoribonucleotide (present because of the inefficiency of the
circularization reaction) (Figure 5B). Upon incubation with Exo-
10, both the circular and linear substrates were degraded
(Figure 5B, lanes 13–16). From the structural and biochemical
data, we conclude that the endonucleolytic site of the exosome
complex can be accessed from solvent without passing through
the central channel of Exo-9.Cell 139, 547–559, October 30, 2009 ª2009 Elsevier Inc. 553
Figure 5. Endoribonuclease Activity of Rrp44 within the Exosome
(A) The endoribonucleolytic site of the PIN domain (centered at D171) is exposed to solvent, as shown in a surface representation of the Rrp44 molecule colored
by electrostatic potential (blue, positively charged; red, negatively charged). Rrp41 and Rrp45 are shown in blue and in green, respectively, and have been super-
posed to human Exo-9 in gray (Liu et al., 2006). In ball-and stick representations in black are the RNAs bound at the structurally corresponding positions in the
S. solfataricus exosome structure (Lorentzen et al., 2007) and in the Rrp44DPIN structure (Lorentzen et al., 2008b). Themolecules are oriented roughly as in the left
panel of Figure 4A.
(B) RNA degradation in endonucleolytic buffer conditions (3mMmanganese) with a circularized 32P labeled 40-mer (upper band). The lower band is a linear mole-
cule resulting from the suboptimal yield of the circularization reaction. The substrate was incubated at 30C with Exo-9 and/or Rrp44 variants for the indicated
duration. The circularized RNA could be clipped and degraded by Rrp44 in the presence and absence of Exo-9.The Exoribonuclease Site Is Inhibited in the Yeast
Rrp41-Rrp45-Rrp44 Structure
In the structure of Rrp44DPIN bound to RNA, we have previously
shown that a single-stranded oligoribonucleotide chain buries
its 30 end (nt 1) in the active site of the RNB domain (D551). The
RNA then proceeds through an internal conduit that is formed
by the RNB and CSD1 domains, opening on the ‘‘front side’’ of
Rrp44 at nt 9 (Lorentzen et al., 2008b) (Figure 5A). In the structure
of Rrp44 bound to Rrp41-Rrp45, the conduit between the RNB
and CSD1 domains also opens into solvent rather than facing
the exosome core subunits (Figure S5). The opening of this
conduit is positioned such that it would in principle be feasible
for an RNA molecule to reach the central channel in the 31–33
nt path, but it would be too far from the PIN domain to explain
the 11–12 nt fragments. Another conduit to the exoribonuclease
site opens on the opposite (‘‘back side’’) of Rrp44 and would be
accessible to an RNA with a path reminiscent of E. coli RNase II
(Figure S5). However, the details of the path with which RNAs
span the distance from the exoribonuclease domain to the exit
site in the central channel of Exo-9 cannot be extrapolated554 Cell 139, 547–559, October 30, 2009 ª2009 Elsevier Inc.from the current apo-structure, as RNA binding might induce
conformational changes.
While the entrance to the exoribonuclease site is in principle
accessible from solvent, the active site itself is inhibited by a
prominent conformational change of residues 696–719. In the
Rrp44DPIN-RNA structure, this region folds into two antiparallel
b strands that shape the active site area where the 30 end of the
RNA binds, with Lys702 and Lys718 approaching nt 1 and 2 (Lor-
entzen et al., 2008b) (Figure 6A). Two equivalent antiparallel
b strands are present in the E. coliRNase II RNA-bound structure
(Frazao et al., 2006). In the yeast Rrp41-Rrp45-Rrp44 complex,
residues 696–719 fold into a loop and a short helix and occupy
the space at the active center where nt 1–5 of the RNA 30 end
would reside (Figure 6A). In particular, the conserved Asp706
of Rrp44 positions its carboxylate group near to where the phos-
phates of nt 4 and 5 would be located.
This inhibited conformation appears to be stabilized by binding
to the exosome core: the guanidinium group of Arg303 in the
C-terminal tail of yeast Rrp45 approaches Rrp44 Glu714 when
in thea-helical conformation, while it would electrostatically repel
Figure 6. Modulation of Rrp44 Activity When in Complex with Exosome Core Subunits
(A) Inhibition of the Rrp44 exoribonuclease site in the Rrp41-Rrp45-Rrp44 structure. A zoomed-in view of the Rrp44-Rrp41-Rrp45 andRrp44DPIN-RNA structures
at the exoribonuclease site is shownwith similar orientation and color coding. Rrp44 is in gray, with residues 616–719 in red. Rrp45 is in green (left panel), and RNA
is in black (right panel).
(B) Activity of Rrp44 toward duplex RNAs with/without Exo-9. The RNA degradation assay was carried out in exonucleolytic buffer conditions (0.2 mM magne-
sium, no manganese). Substrates were designed to have a 17 base pair GC-rich duplex corresponding to the 30 terminus of tRNATyr (Lorentzen et al., 2008b;
Vincent andDeutscher, 2006) and a 30 overhang of 10 or 35 poly(A). The corresponding single-stranded RNAwas used as a control and all substrates were verified
by native gel electrophoresis (data not shown). The RNAs were 50 end labeled with [g32P]ATP and the reaction products were resolved on 20% denaturing PAGE
and visualized with a phosphorimager. The concentration of RNA substrates was 200 nM. The concentration of Rrp44 was 12.5 nMwhen duplex RNAswere used
and 5 nM when ssRNAs were used. A 1.5 molar excess of Exo-9 was added when indicated.
(C) Activity toward duplex RNAs with long 30 overhangs with wild-type and entry/exit site mutant Exo-10 in the central channel. The experiment was carried out
as in (B).Cell 139, 547–559, October 30, 2009 ª2009 Elsevier Inc. 555
the side chain of Rrp44 Lys702when in the b strand conformation
(Figure 6A). It is possible that the inhibited conformation of the
active site favors the longer 31–33 nt path for RNA binding and
degradation in Exo-10. However, a yeast exosome mutant lack-
ing the C-terminal tail of Rrp45 (Rrp45DC, residues 1–292) has
similar properties as compared to the wild-type in the biochem-
ical assays we performed (Figure S6).
The Exosome Unwinds and Degrades RNA Duplexes
with Long 30 Overhangs
In the absence of Exo-9, Rrp44 has unwinding activity and can
efficiently digest structured RNAs provided that they have
a single-stranded 30 overhang longer than 7–9 nt (Lorentzen
et al., 2008b). In the presence of the exosome, Rrp44 is at least
ten times less efficient toward duplexes with 30 end extensions
as long as 29 nt, leading to the suggestion that structured
RNAs cannot readily access and be degraded by Rrp44 in
Exo-10 (Liu et al., 2006; Lorentzen et al., 2008b) (Figure 6B,
compare lanes 6–9 and 14–17 for a duplex with a 10 nt 30 over-
hang). Given that the path of a single-stranded RNA in Exo-10
covers 31–33 nt (Figure 1A), we reasoned that the substrates
that had been previously tested would have a 30 overhang that
was too short to reach the Rrp44 exonuclease site via the central
channel. Indeed, when using a substrate with a 17 base pairs of
GC-rich duplex and a 35 nt poly(A) extension at the 30 end of the
labeled RNA strand, we observed that Exo-10 was seemingly as
efficient in degradation as Rrp44 alone (Figure 6B, compare
lanes 18–21 and 22–25). Exo-10 was able to unwind such duplex
RNA and processively digest it to the 4 nt product typical of
ssRNA degradation (compare with lanes 2–9). Thus, structured
substrates can be degraded by Exo-10 if they have a 30 single-
stranded extension sufficiently long to span the inner RNA-
binding path of Exo-10. Consistent with the model, mutations
in the central channel prevent the ability of the complex to
degrade duplexes with long 30 overhangs (Figures 6C and S2).
Conclusions
The finding that the nine-subunit core of the yeast and human
exosome is catalytically inactive (Dziembowski et al., 2007; Liu
et al., 2006) has been both unexpected and puzzling, raising
the question as to why these proteins are essential. The nine
core subunits form a scaffold that directly binds proteins
required for RNA degradation, including the nucleases Rrp44
and Rrp6 as well as cofactors such as the TRAMP and Ski
complexes (reviewed in Lebreton and Seraphin, 2008; Schmid
and Jensen, 2008, Houseley and Tollervey, 2009). The recruit-
ment of the two nucleases can occur concurrently (Liu et al.,
2006). It is at present unknown whether binding of the other
cofactors is concomitant or mutually exclusive, but it is conceiv-
able that the exosome core might bring at least subsets of RNA-
degrading factors into proximity, and that such colocalization
might be important for function. This rationale, however, falls
short of explaining why the nine-subunit core, besides being
essential, has an overall architecture that has been conserved
throughout evolution. We now provide evidence that the yeast
exosome core functions to bind RNA substrates in the channel
formed within the nine-subunit scaffold using similar substrate-
binding sites to its prokaryotic counterparts.556 Cell 139, 547–559, October 30, 2009 ª2009 Elsevier Inc.The yeast Rrp44 nuclease contains an endonuclease activity
in the PIN domain and an exoribonuclease activity in the RNase
II-like region. Binding to the exosome core is mediated mainly by
the PIN domain and by Rrp41-Rrp45, but additional contacts are
also contributed by the RNase II-like region and possibly other
core Exo-9 subunits. Binding to the exosome core does not
involve the surfaces of Rrp44 that contain the two actives sites.
Indeed, Exo-10 can access and cleave a circular RNA at its en-
donucleolytic site, providing a rationale for how it would be able
to nick loops in RNAs with secondary structures. The entrance to
the exoribonuclease site of Rrp44 is also in principle accessible
from solvent. However, the 31–33 nt path that uses the central
channel of Exo-9 appears to be favored from the degradation
assays with the substrates we tested. This path involves resi-
dues that are conserved not only in eukaryotic exosomes, but
also in the related prokaryotic complexes. The emerging picture
is that the extended 30 end of an RNA substrate is threaded from
the S1/KH proteins through the central channel of the RNase
PH-like ring to the exoribonucleolytic site of Rrp44.
The exoribonuclease activity of Rrp44 is known to be downre-
gulated upon association with the exosome core (Dziembowski
et al., 2007; Liu et al., 2006; Lorentzen et al., 2008b). The data
we report suggest two mechanisms. First, the exoribonuclease
center in the Rrp41-Rrp45-Rrp44 crystal structure is autoinhi-
bited by a conformational change in a loop of the catalytic
domain that hinders the binding site of the RNA 30 end. From
the structure, the conformation of the loop appears to be stabi-
lized by the binding of the C-terminal tail of yeast Rrp45 to the
RNase II-like region and would have to undergo remodeling for
RNase activity. Whether a similar inhibitory mechanism exists
in other eukaryotic exosomes is unclear: on one hand, the tail
of yeast Rrp45 is not conserved in other species, but on the other
hand, residues on the surface of yeast Rrp44where this tail binds
are rather conserved. It is possible that in other species, other
sequences in possibly other Exo-9 proteins might fulfill the
same function and bind to the same patch of Rrp44. Passing
through the narrowentrancepore of the channel is likely a second
mechanism for the downregulation of exosome-bound Rrp44.
The 11th subunit, the nucleaseRrp6, is notmodulated by the exo-
some core (Liu et al., 2006) and is positioned on the opposite side
of the complex (Cristodero et al., 2008), arguing that the channel
is not used to access this RNase and its active site is not compro-
mised by binding to the core. The 11-subunit exosome thus inte-
grates in its structure different RNA-binding paths to reach its
three active sites. The resulting robustness of this degradative
machine is exemplified by the fact thatmutating either the central
channel or any single active site does not cause lethality in vivo in
yeast (Dziembowski et al., 2007; Lebreton et al., 2008).
In vivo, the exosome is able to processively degrade highly
structured RNAs. In the case of hypomodified tRNAi
Met for
example, degradation is enhanced by the addition of an unstruc-
tured tag of adenosines at the 30 end by the action of the non-
canonical poly(A)polymerase in the TRAMP complex (Kadaba
et al., 2004; LaCava et al., 2005; Vanacova et al., 2005; Wyers
et al., 2005). The added poly(A) tail has been suggested to
function as a ‘‘landing pad’’ to the exosome, but the mechanism
with which the structured substrate can then be unwound
and degraded is unclear. Here, we provide evidence that the
ten-subunit yeast exosomehasunwindingandprocessivedegra-
dation activity toward a duplex RNA provided that this structured
substrate has a 30 tail long enough to be threaded through the
central channel to the exoribonucleolytic site. Unwinding (at least
for simpleRNAduplexes) doesnot requireadditionalATP-depen-
dent helicase activities. Themechanism is probably based on the
geometric constraints of the complex: as the single-stranded
overhang is processively degraded at the 30 end, 1 nt at a time,
the translocation through the constricted entrance pore of the
channel would effectively rip the secondary structure apart. The
parallel that has been raised between the destabilizing effect of
RNA polyadenylation in bacteria and eukaryotes is thus not only
an evolutionary remnant, but reflects a similar molecular mecha-
nism of channeling RNA substrates into an inner chamber that is
to a large extent structurally and functionally homologous inRNA-
degrading complexes from the three domains of life.
EXPERIMENTAL PROCEDURES
Protein Purification
The yeast Exo-9 complex was reconstituted with individual proteins and sub-
complexes expressed in bacterial cells, following the strategy reported by Liu
et al. (2006). In brief, homogeneous Rrp41-Rrp45 and Rrp42-Mtr3 subcom-
plexes were obtained as we previously described (Lorentzen et al., 2005).
Rrp43 andHis-taggedRrp46were coexpressed inBL21-Gold cells (Stratagene)
and purified by cobalt-affinity chromatography followed by Tev protease
cleavage of the His-tag and anion exchange chromatography. Rrp40 and Csl4
were expressed separately as Tev-cleavable GST-fusion proteins in BL21
Gold pLysS and purified by affinity chromatography on glutathione Sepharose,
followed by Tev cleavage and anion exchange. Rrp4 was expressed as a His-
Sumo-taggedprotein inBL21GoldpLysS,purifiedbycobalt-affinity chromatog-
raphy, followed by tag cleavage with the addition of the Senp2 protease and
a final Q-Sepharose step. Both in the case of Rrp43-Rrp46 and Rrp4, a wash
with 50mMKCl, 10mMMgSO4, and 2mMATPwas implemented before eluting
from theaffinity column to remove themajority of chaperone impurities. The nine
proteins thus purified were incubated at about equimolar amounts for 30 min at
room temperature and loaded onto a S200 gel filtration column (GEHealthcare),
eluting as a symmetric peak (data not shown). The mutant Exo-9 complexes
were similarly reconstituted by size-exclusion chromatography with the corre-
sponding wild-type and mutant subunits. The corresponding mutations were
engineeredwith theStratageneQuikchangekit andverifiedbyDNAsequencing.
Rrp44 proteins (full length, truncated constructs, wild-type, and mutants)
were expressed with similar protocols as we have previously described for
Rrp44 DPIN D551N (Lorentzen et al., 2008b). Human UPF1 (residues 115–914)
that was used as a control in the RNase protection assays was purified as previ-
ously described (Chamieh et al., 2008).
Pull-Down Assays
Experiments were performed essentially as described in (Ballut et al., 2005).
About 2 mg recombinant proteins were mixed at 4C in 60 ml binding buffer
(BB-125) containing 20 mM HEPES (pH 7.5), 125 mM NaCl, 2 mMmagnesium
diacetate, 12.5% (w/v) glycerol, 0.1% (w/v) NP40, 2 mM imidazole, 2 mM
CaCl2, and 1 mM DTT. Mixtures were incubated for at least 1 hr at 4
C before
addition of 12 ml calmodulin resin (50% slurry, Stratagene) and 200 ml BB-250
(BB-150 containing 250 mMNaCl). After 1 hr of gentle rocking at 4C, the resin
was washed three times with 500 ml BB-250 and bound proteins eluted with
20 ml BB-150 containing 20 mM EGTA. Eluates were dried down, mixed with
SDS loading dye, boiled, separated on 10% SDS-PAGE, and visualized by
Coomassie staining. The NaCl concentration was reduced to 50 mM in all
buffers for the pull-down assays shown in Figure 1B.
Crystallization and Structure Determination
Yeast full-length Rrp41-Rrp45 (residues 1–246 and 1–305, respectively) and
Rrp44 (residues 25–1001) were purified separately as described above, incu-bated, and eluted as a ternary complex by size-exclusion chromatography.
The N-terminal deletion construct of the Rrp44 that gave useful crystals had
been identified by limited proteolysis of the Rrp44 PIN domain with the
protease chymotrypsin (data not shown) and used in the context of the phys-
iological C terminus of the protein. Rrp44 25-1001 D551N gave the same
protection pattern as Rrp44 full-length D551N (data not shown). Diffracting
crystals of the Rrp41-Rrp45-Rrp44 complex were obtained by sitting-drop
vapor diffusion at 18C after the protein solution was mixed at 10.5 mg/ml in
50 mM Tris (pH 7.5), 250 mM NaCl, 1 mM DTT with a solution containing
7.5% (w/v) PEG 20.000, 50 mM Tris (pH 8.0) and 10% (w/v) glycerol. A data
set to 3.0 A˚ resolution was collected at the SLS synchrotron (Switzerland)
and processed with the program XDS (Kabsch, 1993). The structure was
solved by molecular replacement with the program PHASER (McCoy et al.,
2007), using as searchmodels human full-length Rrp41 and human Rrp45 resi-
dues 1–278 (from the structure of Exo-9, Liu et al., 2006), and yeast Rrp44 resi-
dues 252–1001 (from the RNA-bound structure of the exoribonuclease
domain, Lorentzen et al., 2008b). After initial rounds of building and refinement
of the molecular replacement solution with the program Refmac (Murshudov
et al., 1997), the electron density for the remaining PIN domain (residues
25–242) was of sufficient quality to build the structure with the program Coot
(Emsley and Cowtan, 2004).
ssRNA Synthesis and Labeling
Body-labeled RNAs were generated by in vitro transcription in presence of
[a-32P] UTP (Perkin-Elmer) with the MEGAshortscript transcription kit
(Ambion), followed by denaturing gel purification. Templates were obtained
by annealing of two DNA oligonucleotides containing the T7 promoter
sequence. The final sequence for the 60-mer was GGG(CU)28C. For obtain-
ment of the 14-mer to 34-mer oligoribonucleotides, the templates were
designed to add 50 and 30 GGG sequences that were trimmed with RNase
T1 (Fermentas) before purification to avoid heterogeneity induced by the T7
run-off transcription. Final sequences for the 14- to 34-mer were (CU)nCG
with n between 6 and 16. RNAs used for nuclease assays were synthesized
(biomers.net) and 50 labeled with T4 polynucleotide kinase (New England Biol-
abs) and with [g-32P] ATP (Perkin-Elmer). Circular RNA was obtained by self-
ligating 10 pmol 50 labeled 40-mer poly(A) with T4 RNA ligase 1 (New England
Biolabs), according to the manufacturer’s instructions.
RNase Protection Assays
Proteins (10 pmol each) were mixed with 5 pmol 32P body-labeled RNA to
a final 20 ml reaction volume in 50 mM HEPES (pH 7.5), 50 mM NaCl, 5 mM
magnesium diacetate, 10% (w/v) glycerol, 0.1% (w/v) NP40, and 1 mM DTT.
After incubation for more than 1 hr at 4C, reactions mixtures were digested
with 1 mg RNase A and 2.5 U RNase T1 (Fermentas) for 20 min at 20C. Pro-
tected RNA fragments were then extracted twice with phenol:chloroform:
isoamyl alcohol (25:24:1, v/v, Invitrogen), precipitated with ethanol, separated
on 20% (w/v) denaturing PAGE, and visualized by phosphorimaging (Fuji).
Crosslinking Assays
The assays were performed in the same conditions as the RNase protection
assays except that the mixtures were irradiated with UV light (l = 254 nm)
for 30min on ice before denaturation with 0.1%SDS and digestion with RNase
A/T1 for 1 hr at 37C.
Nuclease Assays
Circular RNA degradation assays were carried out at 30C in a buffer contain-
ing 50 mM HEPES (pH 7.5), 50 mM NaCl, 3 mM manganese dichloride, 10%
(w/v) glycerol, 0.1% (w/v) NP40, and 1 mM DTT. Nucleases concentrations
in the mixture were 200 nM, and Exo-9 was added to a 1.5 molar excess,
RNA concentration was 50 nM. Two microliter aliquots from a 10 ml total reac-
tion volume were taken at indicated time points and quenched by addition of
6 ml loading dye consisting of 10mMEDTA, 0.1% (w/v) bromophenol blue, and
0.1% (w/v) xylene cyanole FF in formamide. Reaction products were resolved
on 20% denaturing PAGE and visualized by phosphorimaging. For exonu-
clease activity assays, manganese dichloride was replaced by 0.2mMmagne-
sium diacetate. The RNA concentration was 200 nM, and the nuclease
concentrations were 12.5 nM in the case of duplex substrates and 5 nM inCell 139, 547–559, October 30, 2009 ª2009 Elsevier Inc. 557
the case of linear substrates. Two microliter aliquots were quenched by the
addition of 14 ml loading dye and boiled for 5 min immediately before loading
on a 20% acrylamide gel containing 8 M urea.
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